The effect of linseed oil (LO) supplementation on nutrient digestibility, forage (i.e., timothy hay) in sacco ruminal degradation, ruminal fermentation characteristics, protozoal populations, milk production, and milk fatty acid (FA) profile in dairy cows was investigated. Four ruminally cannulated, primiparous lactating cows were used in a 4 × 4 Latin square design (28-d periods). They were fed a total mixed ration (50:50 forage:concentrate (F:C) ratio [dry matter (DM) basis] without supplementation (control, CTL), or supplemented (wt/wt; DM basis) with LO at 2, 3, or 4%. Supplementation with LO had no effect on DM intake (19 kg/d) and apparent total-tract digestibility of nutrients (organic matter, neutral detergent fiber, acid detergent fiber, starch, and gross energy). Ruminal pH, ammonia, and total volatile FA concentrations were not changed by LO supplementation to diets. Extent of changes in volatile FA pattern and effective ruminal degradability of DM of timothy hay were minor. Neither the total numbers nor the genera distribution of protozoa was changed by the addition of increasing amounts of LO to the diet. Milk yield increased linearly (26.1, 27.3, 27.4, and 28.4 kg/d for CTL to LO4, respectively) as the amount of LO added to the diet increased. Milk fat content was not affected by LO supplementation, whereas milk protein content decreased linearly with increasing amounts of LO in the diet. Milk fat proportions of several intermediates of ruminal biohydrogenation of polyunsaturated FA (i.e.,3) increased linearly with LO addition to the diet. The proportion of cis-9,cis-12 18:2 decreased linearly (2.06, 1.99, 1.91, and 1.83% for CTL to LO4, respectively) as the amount of LO in the diet increased. Milk fat content of cis-9,cis-12,cis-15 18:3 increased as the level of LO in the diet increased up to 3% but no further increase was observed when 4% of LO was fed (0.33, 0.79, 0.86, and 0.86% for CTL to LO4, respectively). A similar quadratic response to LO supplementation was also observed for cis -5,cis-8,cis-11,cis-14,cis-17 20:5 and cis-5,cis-7,cis-10,cis-13,cis-16 22:5. The results of the present study show that LO can be safely supplemented up to 4% in forage-based diets of dairy cows to enrich milk with potential health beneficial FA (i.e., n-3 FA) without causing any detrimental effects on rumen function, digestion, and milk production.
INTRODUCTION
The inclusion of saturated fats of animal origin in human diets may increase the risk for cardiovascular diseases (Joyce et al., 2009) . It has been estimated that dairy products contribute up to 60% of SFA to human diets in some European countries (Chilliard et al., 2007) . Current public awareness on the health properties of PUFA, including α-linolenic acid (18:3n-3) and conjugated linoleic acids (CLA), which are believed to improve human health, has increased the interest for dairy products rich in these FA (Hulshof et al., 1999) .
Supplementing the diet of dairy cows with oil seeds and vegetable oils has been reported to enhance the contents of CLA and n-3 FA in milk (Chilliard et al., 2009) . Linseed and linseed oil (LO) are rich sources of 18:3n-3, as it comprises 50 to 60% of their total FA content. Feeding different forms of linseed to grazing (Flowers et al., 2008) and confined (Loor et al., 2005; da Silva et al., 2007) dairy cows increased the concentration of n-3 FA and CLA in milk fat. Furthermore, extruded linseed has also been found to considerably Supplementation of increasing amounts of linseed oil to dairy cows fed total mixed rations: Effects on digestion, ruminal fermentation characteristics, protozoal populations, and milk fatty acid composition 4579 increase 18:3n-3 and CLA in milk (Chilliard et al., 2009 ). Nevertheless, due to biohydrogenation, most unsaturated FA are converted to saturated fats before they leave the rumen (Griinari and Bauman, 1999) . This process limits the content of unsaturated FA in milk and dairy products.
Past work also showed that supplementing ruminant diets with oil seed and vegetable oils had a negative effect on ruminal digestion of OM and feed intake (Jenkins, 1993; Martin et al., 2008) . Such negative changes may limit the amount of LO that can be incorporated in the diet of dairy cows. Nonetheless, results have been conflicting among studies. For instance, Ueda et al. (2003) reported no negative effect of 3% LO (on DM basis) supplementation on DMI and nutrient digestion in dairy cows, whereas Martin et al. (2008) observed a strong decrease in DMI and nutrient digestibility when 5.7% LO (DM basis) was added to the diet. Very few studies have investigated in the same experiment the effects of increasing amounts of LO on nutrient utilization, ruminal fermentation, and milk performance of dairy cows. Moreover, information on the effect of increasing levels of LO on ciliate protozoal populations is scarce. Therefore, the objective of the present study was to determine the effects of LO supplementation incorporated at different amounts into TMR of dairy cows on feed intake, digestion (total-tract and in sacco degradation), ruminal fermentation characteristics, protozoal counts, milk production, and milk composition, including FA profile.
MATERIALS AND METHODS
Four primiparous lactating Holstein cows fitted with ruminal cannulas (10 cm; Bar Diamond Inc., Parma, ID) were used in a 4 × 4 Latin square design (28-d periods) balanced for carryover effects. The cows averaged 65 ± 3 DIM at the start of the experiment with an average BW of 566 ± 32 kg. They were housed in individual tie-stalls, milked twice daily (0730 and 1900 h), and had free access to water during the experiment. Cows were fed for ad libitum intake (5% orts, on asfed basis) a TMR without supplementation (control), or supplemented (DM basis) with LO (St. Lawrence Chemicals Inc., Baie d'Urfé, QC, Canada) at 2, 3, or 4%. Ingredients and chemical composition of the diets are shown in Table 1 . The appropriate amount of LO for each cow was weighed daily and mixed thoroughly with the TMR. Adaptation to experimental treatments was from d 1 to 15, in sacco ruminal degradability measurements from d 16 to 19, ruminal sampling on d 20, fecal sampling on d 21 to 26, and milk sampling on d 21 to 28. Cows were weighed at the beginning and the end of each experimental period on 2 consecutive days after the a.m. milking. Animals were cared for in accordance with the guidelines of the Canadian Council on Animal Care (Ottawa, ON, Canada; CCAC, 1993) .
Diets were offered in equal amounts twice daily (0830 and 1630 h). Feed consumption was recorded daily by weighing feeds offered to and refused by the cows. Samples of the TMR, feed ingredients, and orts were collected daily and kept frozen. Samples were composited by cow within period, freeze dried, ground using a 1-mm screen Wiley mill (standard model 4; Arthur M. Thomas Co., Philadelphia, PA) and analyzed for DM, OM, total N, NDF, ADF, starch, ether extract, and gross energy. Apparent total-tract digestibility of nutrients was determined using chromic oxide (Cr 2 O 3 ) as an inert external marker. On the last 10 d of each period, a gelatin capsule containing 10 g of the marker, providing approximately 2 g of Cr, was inserted into the rumen of each cow daily. Fecal samples (100 g of wet weight) were collected twice daily at 0900 and 1600 h from the rectum of each cow on 5 consecutive days. The samples were composited by cow and period and immediately frozen (−20°C). The pooled samples were subsequently freeze dried, ground through a 1-mm screen, and analyzed for DM, total N, OM, NDF, ADF, starch, gross energy, and Cr. An additional fecal sample (100 g of wet weight) was also collected from each cow before dosing the marker at each period. These samples were analyzed for DM and Cr concentrations. The Cr concentration in the feces taken before dosing was used to adjust for residual marker excretion. The Cr concentration in fecal samples obtained before dosing was in all cases less than 1% of the Cr concentration in the pooled fecal samples; thus, this adjustment was minimal.
Assuming the marker totally indigestible, the apparent digestibility of DM was calculated as follows:
, where DMI represents DM consumed during the 5-d fecal collection period. Digestibility of OM, CP, NDF, ADF, starch, and gross energy was calculated using the same approach with the corresponding intake for each nutrient. 4; Arthur M. Thomas Co.) and 5-g samples (DM basis) were weighed in duplicate in polyester bags (17 × 9 cm; 53-μm pore size) made of monofilament PeCap polyester (Sefar Nitex; Sefar AG, Heiden, Switzerland). Bags were placed in large mesh (20 × 30-cm) retaining sacs with 3 × 5-mm pores that allowed ruminal fluid to circulate freely. Bags were soaked in 37°C water for 5 min before being placed in duplicate in the ventral sac of the rumen for 0, 2, 4, 8, 16, 24, 48, 72 , and 96 h. Upon removal from the rumen, bags were immediately immersed in ice water to impede microbial activity, thoroughly rinsed with cold tap water, and frozen at −20°C. Afterward, bags were thawed, washed in a domestic washing machine, and freeze dried. Bags and contents were weighed, and dried residues were ground through a 1-mm screen (1093 Cyclotec Sample Mill; Foss Tecator AB, Höganäs, Sweden) and stored for subsequent determination of DM. Zero-time disappearance was obtained by washing unincubated bags in a similar manner.
Kinetics of ruminal degradation of DM was calculated using a nonlinear model (McDonald, 1981) . The NLIN procedure of SAS (SAS Institute Inc., Cary, NC) was used to fit the following model:
where P = percentage of DM disappearance from the nylon bag at time t, a = soluble fraction (%), b = slowly degradable fraction (%), c = fractional rate of disappearance of the b fraction (/h), L = lag time (hours), and t = time of incubation (h). 
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The effective ruminal degradability (ERD) of DM was calculated using the equation
where kp is the ruminal passage rate calculated using the equation developed by NRC (2001) for dry forages.
Ruminal Fermentation Characteristics and Protozoa Enumeration
Ruminal fluid was collected from the anterior dorsal, anterior ventral, medium ventral, posterior dorsal, and posterior ventral locations within the rumen at 0, 1, 2, 4, 6, and 8 h after the a.m. feeding. Samples (250 mL/ site) were withdrawn using a syringe screwed to a stainless tube ending with a probe covered by a fine metal mesh (RT rumen fluid collection tube; Bar Diamond Inc.). Ruminal fluid pH was measured immediately after sampling (Accumet pH meter; Fisher Scientific, Montreal, QC, Canada), and samples were acidified to pH 2 with 50% H 2 SO 4 and frozen at −20°C for later determination of VFA and ammonia (NH 3 ) concentrations.
Protozoa counts were carried out on rumen content collected 2 h after the a.m. feeding. Ruminal content (1 L) was strained through 4 layers of cheesecloth and a 5-mL portion of the rumen fluid strained was preserved using 5 mL of methyl green formalin-saline solution for protozoa enumeration (Ogimoto and Imai, 1981) . Protozoa samples were stored at room temperature in darkness until counting. Protozoa were microscopically enumerated using a counting chamber (Neubauer Improved Bright-Line counting cell, 0.1-mm depth; Hausser Scientific Co., Horsham, PA) and genera were identified as outlined by Dehority (1993) . Each sample was counted twice, and if the average of the duplicates differed by more than 10%, the counts were repeated.
Milk Production and Milk Composition
Cows were milked twice daily in their stalls (0500 and 1700 h) and milk yield was recorded at each milking. During the last week of each 28-d period, milk samples were taken from each cow at each milking, stored at +4°C with a preservative (2-bromo-2-nitropropan-1,3-diol) and then sent to a commercial laboratory (Valacta Laboratories Inc., Ste-Anne-de-Bellevue, QC, Canada) for analyses of fat, protein, lactose, urea N, and SCC. Milk FA composition was determined on samples pooled on milk yield basis and frozen without preservative at −80°C until analyzed.
Chemical Analyses
Analyses were performed on each sample in triplicate, and where the coefficient of variation was >2.5%, the analysis was repeated. Analytical DM content was determined by drying the oven-dried samples at 135°C for 2 h, followed by hot weighing (AOAC, 1990; method 930.15) . Ash content was determined by incineration at 550°C overnight in a muffle furnace (AOAC, 1990; method 942.05 ) and the OM content was calculated as the difference between 100 and the percentage of ash (AOAC 1990; method 942.05) . For the determination of CP (N × 6.25) content, samples were ground using a ball mill (Mixer Mill MM2000; Retsch GmbH, Haan, Germany) to a fine powder and total N was quantified by thermal conductivity (Leco model FP-428 nitrogen analyzer; Leco Corp., St. Joseph, MI). The concentration of NDF was determined as described by Van Soest et al. (1991) without the use of sodium sulfite and with the inclusion of heat stable α-amylase. The ADF content was determined according to AOAC (1990; method 973.18 ). The NDF and ADF procedures were adapted for use in an Ankom200 Fiber Analyzer (Ankom Technology Corp., Fairport, NY). The concentration of starch was determined colorimetrically according to the procedure of Hall (2000) . Ether extract concentration was determined using a Soxlec system HT6 apparatus (Tecator, Fisher Scientific, Montreal, QC, Canada) according to the Association of Official Analytical Chemists method 920.39 (AOAC, 1990). Gross energy content was determined using an adiabatic calorimeter (model 1241; Parr Instrument Co., Moline, IL). Chromium concentration was determined according to the method of Fenton and Fenton (1979) . Ruminal NH 3 concentration was determined using the method described by Weatherburn (1967) modified for use with a plate reader. Ruminal VFA were quantified using a gas chromatograph (model 5890; HewlettPackard Labs, Palo Alto, CA) with a capillary column (30-m × 0.32-mm i.d., 1-μm phase thickness, Zebron ZB-FAAP; Phenomenex Inc., Torrance, CA) and flame ionization detection. The oven temperature was 170°C held for 4 min, which was then increased by 5°C/min to 185°C, and then by 3°C/min to 220°C, and held at this temperature for 1 min. The injector temperature was 225°C, the detector temperature was 250°C, and the carrier gas was helium.
For the analysis of milk FA, methyl esters were prepared by base-catalyzed transmethylation according to the method of Chouinard et al. (1997) . Fatty acid analyses were carried out with a gas chromatograph (HP 5890A Series II; Hewlett-Packard Labs) equipped with a 100-m CP-Sil 88 capillary column (i.d., 0.25 mm; film thickness, 0.20 μm; Chrompack Nederland BV, Middelburg, the Netherlands) and a flame ionization detector as previously described (Farnworth et al., 2007) . Composition of FA in feed samples was analyzed according to the procedure of Sukhija and Palmquist (1988) .
Statistical Analyses
Data were analyzed as a 4 × 4 Latin square design using the MIXED procedure of SAS (SAS Institute Inc.). The model included treatment and period as fixed effects and cows as a random effect. The residual effect was initially included in the model but it was removed because it was not significant. For the statistical analysis of ruminal fermentation characteristics (pH, VFA, and NH 3 ), sampling time and sampling time × treatment were added to the model and analyzed as repeated measures using the MIXED procedure of SAS. Protozoa were log 10 transformed before analysis using the MIXED procedure of SAS. Linear and quadratic contrasts were used to determine the effect of increasing amounts of LO on response variables. Significance was declared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10.
RESULTS AND DISCUSSION
Data of DMI and apparent total-tract digestibility are shown in Table 2 . The addition of LO to TMR had no effect (P > 0.10) on DMI (expressed in kilogram per day or as percentage of BW) and digestibility of DM, OM, CP, NDF, NDF, ADF, starch, and gross energy. The effects of unsaturated fat, including LO supplementation on intake and nutrient digestibility, have been variable among studies. For example, Ben Salem et al. (1993) reported no effect of 7% rapeseed oil supplementation to a grass hay-based diet [60:40 forage:concentrate (F:C), DM basis] but rapeseed oil decreased OM and fiber digestibility in cows fed a corn silage-based diet (65:35 F:C, DM basis). In contrast, Martin et al. (2008) observed that supplementing 5.7% LO to a forage-based diet (65:35 F:C, DM basis) of dairy cows decreased DMI and digestibility of DM, OM, and fiber. Doreau et al. (2009) supplemented 2.6% LO to a dairy cow diet rich in forage (75:25 F:C, DM basis) and found that LO did not depress DMI nor digestibility of DM, OM, and fiber, when compared with the basal diet. Furthermore, Ueda et al. (2003) reported no difference in daily DMI in cows fed high-forage (65:35 F:C, DM basis) or high-concentrate (35:65 F:C, DM basis) diets and supplemented with 3% LO, when compared with unsupplemented cows. Likewise, Shingfield et al. (2011) found no effect of 3% LO supplementation to a corn silage-based diet (60:40 F:C; DM basis) of growing steers on DMI or apparent total-tract digestibility of DM, OM, or fiber. Interestingly, Ueda et al. (2003) reported that fiber and OM digestibility increased in 3% LO-supplemented dairy cows fed a high-forage diet, but digestibility of these components decreased when cows were fed a high-concentrate diet. Taken together, these results suggest that the effects of unsaturated fat supplementation, including LO, on DMI and nutrient digestibility vary with the amount of fat added, the source of forage, and the F:C ratio of the diet.
Ruminal In Sacco Degradation
The addition of LO to diets had no effect on the rapidly degradable fraction (a) of the DM of timothy hay, but the slowly degradable fraction (b) tended (P = 0.06) to increase linearly with increasing amounts (Table 3 ). The lag time (L) of DM degradation did not change (P > 0.10) with LO supplementation, but the rate of ruminal degradation (c) of DM of timothy hay decreased linearly (P = 0.02) as the level of LO increased in the diets. Consequently, the ERD of DM also decreased linearly as the level of LO increased in the diet (P < 0.1). Nonetheless, the extent of this decrease was small, ranging between 0.6 to 6% from the lowest (i.e., 2%) to the highest (i.e., 4%) LO level, respectively. The results of the in sacco degradation in the present experiment seem to be in contradiction with the lack of effect of LO supplementation on apparent total-tract digestibility (Table 2 ). In fact, despite the slight decrease in ERD, no change was noted in apparent total-tract digestibility of nutrients, suggesting an increase in postruminal digestion. This hypothesis can be supported by the data from Ueda et al. (2003) who observed an increase in apparent total-tract digestibility of fiber despite decreased ruminal digestion in cows fed a concentrate-based diet and supplemented with LO, suggesting a compensatory digestion at postruminal sites. However, it is also possible that the effects of LO supplementation on ruminal digestion vary with the amount of LO added to the diet. At a level of LO supplementation of 2.6% in dairy cows ) and 3% in growing steers (Shingfield et al., 2011) , no effects were observed on ruminal digestion, whereas at higher levels (i.e., 6% of dietary DM), Ikwuegbu and Sutton (1982) and Broudiscou et al. (1994) reported significant decreases in ruminal digestion.
Ruminal Fermentation Characteristics
Because there were no interactions between treatment and sampling time for any of the ruminal fermentation parameters measured, only averages over time are presented (Table 4) . Ruminal liquor pH and total VFA concentrations were not affected (P > 0.10) when LO was supplemented to diets. Ueda et al. (2003) also reported no effect of LO supplementation on either ruminal liquor pH or total VFA concentration when they added LO at 3% to dairy cow forage-and concentrate-based diets. Shingfield et al. (2011) also found similar results when they supplemented 3% LO to a corn silage-based diet of growing steers. The lack of changes in ruminal pH and total VFA concentration in our study and the cited studies as well may suggest that the level of LO supplementation (i.e., 4%) was not high enough to affect ruminal metabolism. Indeed, Broudiscou et al. (1994) reported a decrease in total VFA concentration in sheep supplemented with 6% of LO in a forage-based diet (55:45 F:C).
In the present study, supplementation with increasing amounts of LO caused a quadratic response (P = 0.03) in molar proportion of acetate and a linear (P < 0.05) decrease in propionate proportion (Table 4) . As a consequence, the acetate:propionate ratio also increased linearly (P = 0.04) with increasing amounts of LO in the diet. Supplementation with LO resulted in linear increases (P < 0.05) of molar proportions of butyrate and isobutyrate. Valerate molar proportion decreased linearly as the level of LO in the diet increased, but isovalerate remained unaffected by LO supplementation. Caproate proportion did not change (P < 0.05) by the addition of LO to diets. However, the extent of changes in molar proportions of VFA noted in this study was minor.
It is generally assumed that supplementation of unprotected and highly unsaturated fats to diets of ruminants decreases the acetate proportion and acetate:propionate ratio in the rumen, with an antimicrobial effect of PUFA-rich oils as one probable explanation for this phenomenon (Jenkins and Jenny, 1992) . Previous studies reported a shift in VFA patterns toward proportionally more propionate and less acetate when sheep (Broudiscou et al., 1994) and dairy cows (Ueda et al., 2003) were supplemented with LO. However, other studies reported no change in VFA patterns when dairy cows were fed LO-supplemented diets Shingfield et al., 2011) . Again, discrepancy between studies for the effects of LO on VFA patterns may be explained by the source of forage fed. Indeed, despite a similar level of supplementation (i.e., 3%, DM basis), the effect on VFA patterns was not the same when LO was supplemented to a hay-based diet (Ueda et al., 2003) than when it was supplemented to a corn silage-based diet ). This fact can be corroborated by the observations of Ben Salem et al. (1993) who reported that in dairy cows, acetate and propionate proportions were unaffected when rapeseed oil was added to a hay-based diet, whereas the proportions of these VFA changed when the diet contained corn silage as the major forage source.
In the present study, LO supplementation had no effect (P > 0.05) on ruminal ammonia concentration (Table 4) . Again, results from previous studies with LO have been variable. Doreau et al. (2009) reported no effect of LO supplementation on ammonia concentration, whereas Ueda et al. (2003) observed greater ruminal ammonia concentration in LO-supplemented dairy cows when compared with control cows. Other studies, reported a decrease in ammonia concentration in sheep supplemented with different levels of LO (Ikwuegbu and Sutton, 1982; Broudiscou et al., 1994) .
Ruminal Protozoa Counts
Little information exists on the effect of supplementing dairy cow diets with LO on total counts and genera distribution of ruminal ciliate protozoa. In the current study, total numbers and the genera distribution of ruminal protozoa were not affected (P > 0.10) by LO supplementation to the diets (Table 5) .
In general, the addition of lipids to ruminant diets has been found to decrease ruminal protozoal counts and the magnitude of the effect seems to depend on the level of lipid supplementation (Doreau and Ferlay, 1995) and the degree of unsaturation of the lipid source. In vitro incubations have showed that among FA, both linoleic and linolenic acids exert the strongest negative effect on protozoal counts (Hristov et al., 2004; Szumacher-Strabel et al., 2004) . Linseed oil seems to have a more negative effect than other sources of lipids, which has been attributed to its high content of linolenic acid (Doreau and Ferlay, 1995) .
In the literature, linseed (seeds or oil) supplementation rich in linolenic acid did not affect (Beauchemin (Ikwuegbu and Sutton, 1982; Sutton et al., 1983; Broudiscou et al., 1994 ) the numbers of ruminal protozoa. For example, Doreau et al. (2009) observed no changes in protozoa numbers in ruminal fluid of cows supplemented with 2.6% of LO. Conversely, Ikwuegbu and Sutton (1982) reported a linear decrease in total protozoa numbers ranging from 0 to 99% in sheep supplemented with increasing amounts of LO (i.e., 0 to 6%; DM basis). Based on these results, it appears that a large amount of LO is required to decrease the numbers of ruminal protozoa. In addition, an interaction seems to exist between LO supplementation and the basal diet, which causes shifts within the protozoal population. Thus, a 3% LO supplementation to a concentrate-rich diet (65%) fed to dairy cows did not alter the numbers of holotrich protozoa Dasytricha spp. and Isotricha spp., but decreased the numbers of Entodiniomorphs, namely Entodinium spp., and the total protozoal counts (Ueda et al., 2003) . However, when a 3% LO was added to a forage-rich diet (65%), the numbers of holotrich protozoa increased, but neither Entodinium spp. population nor total protozoal counts changed (Ueda et al., 2003) .
Milk Production and Milk Composition
The results of milk production and milk composition are presented in Table 6 . As the amount of LO in the diet increased, milk production increased linearly (P = 0.04), but the yields of 4% FCM and ECM were unaffected (P > 0.05). Feed efficiency, expressed as kilograms of milk, kilograms of 4% FCM, or kilograms of ECM per kilogram of DMI, increased linearly (P < 0.05) with increasing amounts of LO added to diets. Literature data on the effects of LO supplementation of milk production have been variable. Loor et al. (2005) did not observe any effect of 3% LO on milk production when added to either forage-based (65:35 F:C) or concentrate-based diets (35:65 F:C) of dairy cows. A higher LO level of supplementation (i.e., 5%) in a grass hay-based diet (64:36 F:C, DM basis) did not affect milk production either (Roy et al., 2006) . In contrast, Bu et al. (2007) observed that supplementing 4% LO to a forage-based diet (59:41 F:C) of dairy cows increased milk production, although it did not affect ECM. On the other hand, Martin et al. (2008) reported that 5.7% LO supplementation to a corn silage-based diet (65:35 F:C) decreased milk production.
From the previous studies cited, it appears that changes in milk yield are closely related to the effects of LO on DMI and diet digestibility (see discussion above). Indeed, the decrease in milk production reported in some studies (e.g., Martin et al., 2008) was associated with a depression in DMI and diet digestibility due to disturbances in rumen function caused by a high level of LO intake (i.e., >5% of DMI). In contrast, in other studies (e.g., Bu et al., 2007) , where LO was supplemented at a level lower than 5%, milk production increased because of a greater DMI.
In the present experiment, adding LO to dairy cow diets did not affect (P > 0.10) milk contents of fat and lactose, but decreased linearly (P = 0.01) the proportion of milk protein. Yields (kg/d) of milk fat and protein were not affected (P > 0.10) by the addition of LO to the diets, but as the level of supplemented LO in the diets increased, milk lactose yield increased linearly (P = 0.02). Reported data on the effect of LO supplementation on milk composition has not been consistent. Milk fat content decreased (Flachowsky et al., 2006) , increased (Flowers et al., 2008) , or did not change (Bu et al., 2007) in cows fed LO-supplemented diets. The effect of vegetable oils on milk protein content has also been variable. Bu et al. (2007) reported no effect of LO addition on milk protein. In contrast, Flowers et al. (2008) observed an increase in milk protein content of grazing cows supplemented with LO. Variability between studies in milk composition response to LO supplementation could be explained by the amount of LO added to the diet but also by the composition of the basal diet. Indeed, Loor et al. (2005) reported that milk protein content decreased in cows fed LO in a high-forage diet, whereas it increased in cows fed LO in a high-concentrate diet. Chilliard et al. (2009) reported that LO supplementation decreased milk fat content when added to low-NDF diet but not to high-NDF diets.
Milk FA Composition
Results of milk FA composition are shown in Table  7 . Feeding increasing levels of LO linearly decreased milk fat content of short-and medium-chain FA (8:0 to 16:0), and increased the proportion of most 18 carbon FA in milk fat. These effects are consistent with the reduction in de novo FA synthesis due to feeding unsaturated oils, which occurs as a result of greater uptake and secretion of dietary or ruminally derived FA (Palmquist et al., 1993) . These effects are also in line with the decrease in milk fat content of glycerol observed in the current study. On a weight basis, less glycerol is actually required to esterify long-chain than short-chain FA during milk triglyceride synthesis. The proportions of 15:0 and 17:0 decreased linearly as the amount of LO in the diet increased. The major source of odd-chain FA found in milk fat is long-chain FA synthesized by ruminal bacteria from odd-numbered VFA. However, this rumen microbial synthesis is known to decrease when cows are fed dietary fat because bacteria use preferably preformed FA available in the ruminal milieu (Byers and Schelling, 1988) .
The proportion of cis-9,cis-12,cis-15 18:3, the dominant FA in LO, increased as the level of LO increased up to 3%, but no further increase was observed when 4% of LO was fed (quadratic effect, P < 0.01). This observation is consistent with the quadratic decrease in apparent recovery of dietary cis-9,cis-12,cis-15 18:3 in milk fat. The decrease in transfer efficiency observed with increasing supply of LO could tentatively be explained by (1) an increased efficiency in biohydrogenation with higher supply of free LO in the diet, (2) a lower intestinal digestibility with an increasing amount of cis-9,cis-12,cis-15 18:3 escaping ruminal fermentation as dietary LO supply increased, or (3) a lower efficiency of mammary uptake as the arterial concentration of cis-9,cis-12,cis-15 18:3 increased. In this regard, Loor et al. (2004) observed an increase in intestinal digestibility of cis-9,cis-12,cis-15 18:3 with dietary supplement of LO, which does not support a limitation in absorption capacity. At the level of the mammary gland, Enjalbert et al. (1998) reported that extraction of arterial FA, either nonesterified or in the form of triglycerides, increased with arterial concentration following duodenal infusion of long-chain FA. Finally, Khas-Erdene et al. (2010) observed a quite stable efficiency of transfer to milk of duodenally infused cis-9,cis-12,cis-15 18:3 over a wide range of FA supply. These observations, therefore, provide no support for a postruminal limitation in the transfer efficiency of dietary cis-9,cis-12,cis-15 18:3 to milk fat.
The observed decrease in apparent recovery of dietary cis-9,cis-12,cis-15 18:3 can be explained by the efficiency biohydrogenation process, which has been shown by Loor et al. (2004) to be greater when free LO was added in the diet. In this case (Loor et al., 2004) , the extent of ruminal biohydrogenation has been assessed by calculating the proportion of dietary PUFA disappearing during their passage in the rumen (not found in the small intestine). However, this calculation does not provide any information about the efficiency of the overall series of reactions (e.g., the final production of 18:0). According to Harfoot (1981) , the biohydrogenation pathway of cis-9,cis-12,cis-15 18:3 involves the production of cis-9,trans-11,cis-15 18:3,trans-11,cis-15 18:2, and trans-11 18:1 or cis-15 18:1, which can all be absorbed and incorporated in milk fat. Among these intermediates, trans-11,cis-15 18:2 and cis-15 18:1 showed a quadratic response to the level of LO supplementation, with the largest increase observed between 3 and 4% of dietary supplementation (Table 7) . One may, therefore, speculate that dietary cis-9,cis-12,cis-15 18:3 rapidly undergoes biohydrogenation by being first isomerized to a conjugated triene (cis-9,trans-11,cis-15 18:3), followed by reduction of double bonds at carbons 9 and 11 to yield trans-11,cis-15 18:2 and cis-15 18:1, which accumulate in the rumen as the efficiency of the first step in the pathway increases.
Feeding increasing amounts of LO also increased the proportion of trans-11 18:1 in milk fat, but no quadratic response was observed for this particular biohydrogenation intermediate. This phenomenon can be explained -5,c-8,c-11,c-14 20:4 0.16 0.12 0.10 0.09 0.01 <0.01 0.58 c-8,c-11,c-14,c-17 20 -5,c-8,c-11,c-14,c-17 20 -4,c-7,c-10,c-13,c-16, 22 -7,c-10,c-13,c-16,c-19 -4,c-7,c-10,c-13,c-16,c-19 by the fact that trans-11 18:1 is produced during the biohydrogenation of cis-9,cis-12 18:2 and cis-9,cis-12,cis-15 18:3 (Harfoot, 1981) , which both increased when the diet was supplemented with LO (Table 1) . Milk fat content of cis-9,trans-11 18:2 also increased linearly with LO supplementation. It has been established that a great proportion of this CLA isomer found in the milk is produced endogenously in the mammary gland using trans-11 18:1 produced in the rumen as a substrate (Griinari et al., 2000) . In the current study, dietary LO also increased milk fat content of trans-10 18:1. To our knowledge, no evidence exists in the literature showing an extensive production of trans-10 18:1 from dietary cis-9,cis-12,cis-15 18:3 metabolism. Increased proportions of trans-10 18:1 in milk fat could, therefore, be explained by the higher supply of dietary cis-9,cis-12 18:2 (Table 1) or by the overall ruminal unsaturated FA load, as suggested by Lock (2010) . Duodenal flow and secretion of trans-10 18:1 in milk fat were shown to be highly dependent on the composition of the basal diet. Feeding LO in a diet rich in starch and based on corn silage as the sole forage increased milk fat content of trans-10 18:1, but did not affect the concentration of trans-11 18:1 (Chilliard et al., 2009 ). On the contrary, supplemental LO increased trans-11 18:1 without affecting trans-10 18:1 when the diet was based on grass hay rich in fiber (Roy et al., 2006 ). In the current study, the basal diet was based on a mixture of legume/grass silage and corn silage, which led to an increase in both trans-11 18:1 and trans-10 18:1. However, no alteration of the biohydrogenation pathway was apparent, as the ratio of trans-11 18:1 to trans-10 18:1 remained unchanged between treatments (Table 7) . This lack of effect is consistent with similar milk fat content and yield between treatments (Table  6) , as a shift in this ratio has been associated with an inhibition of milk fat synthesis (Griinari et al., 1998) . After absorption at the intestinal level, cis-9,cis-12,cis-15 18:3 goes through a series of reactions involving chain elongation and desaturation (Bernal-Santos et al., 2010) , leading to the production of :4 (P < 0.01), cis-5,cis-8,cis-11,cis-14,cis-17 20:5 (P = 0.01), as well as the sum of n-3 FA (P < 0.01) showed a quadratic response to increasing amount of LO supplementation, a pattern similar to their precursor cis-9,cis-12,cis-15 18:3 (Table  7 ). The lack of comparable effect on cis -7,cis-10,cis-13,cis-16,cis-19 22:5 and cis-4,cis-7,cis-10,cis-13,cis-16,cis-19 22:6 could be explained by their low efficiency of synthesis (last steps in the elongation and desaturation process) and their transport as phospholipids in plasma (Tyburczy et al., 2008) , which make them less available for mammary uptake. The low availability of these FA in plasma to be taken up by mammary gland may have masked specific treatment effects on their concentration in milk fat.
The greater proportions of n-3 FA combined with a lower proportion of n-6 FA led to a linear decrease (P < 0.01) in the ratio of n-6 to n-3 FA in milk fat of cows fed increasing amount of LO (Table 7) . Lowering the ratio of n-6 to n-3 FA in food products has been recommended to prevent or modulate certain diseases in humans (Connor, 2000) . However, the impact of the overall changes in milk FA profile on the nutritive value of milk fat for human remains difficult to assess.
CONCLUSIONS
Supplementing LO up 4% to TMR (50:50 F:C, DM basis) did not affect negatively feed digestion, ruminal fermentation efficiency, or milk yield. Feeding LO up to 4% did not affect total protozoal counts, although species may have shifted within the protozoal populations. Milk FA proportions of n-3 FA increased, whereas those of n-6 FA decreased with the addition of LO in the diet. As a result of changes in these FA, the ratio of n-6 to n-3 was lower in cows supplemented with LO as compared with those fed the control diet. It can be concluded that 4% LO can be safely supplemented to forage-based diets of dairy cows to enrich milk with potential health-beneficial FA without causing any detrimental effect on digestion, rumen function, or animal performance.
